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EFFORTS FOR PARABOLIZED NAVIER-STOKES SOLUTIONS 

A 3-D space marching parabol  i zed  Navier-Stokes code i s  be ing developed 

(mod i f i ed )  t o  compute t h e  supersonic mix ing f l o w  through an i n t e r n a l / e x t e r n a l  

expansion nozz le w i t h  multicomponent gases (PMAB3). This  f l o w f i e l d  has been 

computed f o r  a 2-D approximat ion us ing a f u l l  N-S code ( re f s .  1, 2). Examina- 

t i o n  o f  t h e  2-D s o l u t i o n  r e s u l t s  from t h e  f u l l  N-S s o l v e r  revea ls  severa l  

impor tan t  fea tures  o f  t h i s  f l ow :  

(1) The f l o w  i s  predominant ly supersonic and hypersonic  

( 2 )  The streamwise v e l o c i t i e s  a re  predominant ly p o s i t i v e .  

Flows w i t h  these fea tu res  lend themselves q u i t e  r e a d i l y  t o  s o l u t i o n  by very 

f a s t  and e f f i c i e n t  p a r a b o l i c  Navier-Stokes so lvers.  A 3-D f u l l  N-S s o l v e r  f o r  

multicomponent f l o w  requ i res  an enormous amount o f  CPU t ime and memory. Thus, 

i t  i s  no t  a very l i k e l y  cand ia te  f o r  p r e l i m i n a r y  design and ana lys i s  o f  many 

d i f f e r e n t  nozzle con f igu ra t i ons .  I t i s  w i t h  t h i s  i n  mind t h a t  the PNS s o l v e r  

i s  be ing developed. 

The space marching PNS so l ve r  being mod i f ied  so lves  the  3-D PNS 

equat ions,  coupled w i t h  a se t  of species c o n t i n u i t y  equat ions,  us ing  an 

i m p l i c i t  f i n i t e  d i f f e r e n c e  scheme. The species c o n t i n u i t y  equa t ions  a r e  

so lved w i t h  t h e  assumption o f  a s i n g l e  b i n a r y  d i f f u s i o n  c o e f f i c i e n t .  

Turbulence c losu re  i s  obta ined by the  Baldwin-Lomax eddy v i s c o s i t y  model. 

The s o l u t i o n s  o f  t h e  i n t e r n a l  f l ow  and t h e  e x t e r n a l  f l o w  up t o  t h e  t i p  o f  

t h e  cowl are be ing obta ined separate ly  (due t o  t h e  na ture  o f  t he  pa rabo l i zed  

equat ions,  t he  i n t e r n a l  f l o w  upstream o f  t h e  cowl t i p  i s  independent of t h e  

e x t e r n a l  f l o w  up t o  the  cowl t i p ) .  The s o l u t i o n  p lane a t  t h e  cowl t i p  f o r  

bo th  i n t e r n a l  and e x t e r n a l  f l o w  i s  then being used a t  an i n i t i a l  p lane  

s o l u t i o n  f o r  t h e  o u t e r  "mixing" region. 
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The e x t e r n a l  f l o w  has been obtained f o r  a " t h e o r e t i c a l "  a i r  m i x t u r e  (79% 

N2, 21% 02) by assuming an 18" f l a t  p l a t e  w i t h  a s ide  w a l l  upstream o f  t he  

cowl. This f l a t  p l a t e  and s i d e  w a l l  causes a system of l e a d i n g  edge shocks 

and 3-0 boundary l a y e r s  t o  develop p r i o r  t o  reaching the  cowl t i p ,  

The s o l u t i o n  of t h e  i n t e r n a l  nozzle f l o w  has posed a s l i g h t  problem. The 

gases i n  t h e  nozz le model a r e  expanded t o  supersonic speeds from a h i g h  

pressure rese rvo i r .  By t h e  t i m e  t h e  f l o w  has reached t h e  i n n e r  t h r o a t  o f  t h e  

nozzle, a boundary l a y e r  on each of the w a l l s  has developed, Since no 

exper imental  data f o r  t h e  3-D corner  f l o w  p r o f i l e  e x i s t s ,  one must be assumed 

(as was i n  t h e  2-D study of re fs .  1, 2). An " i n v i s c i d "  f ree  stream i n i t i a l  

p lane can not  be used i n  t h i s  reg ion due t o  t h e  f a c t  t h a t  l ead ing  edge shocks 

would develop w i t h i n  the  nozzle, thus severe ly  degrading the  s o l u t i o n  

downstream. I n  an a c t u a l  design ana lys i s  case, t h e  upstream p r o f i l e s  o f  

independent v a r i a b l e s  would be known a p r i o r i  ( e i t h e r  from exper imental  data, 

o r  f rom t h e  s o l u t i o n  output  of t he  upstream f low by another  N-S so lve r ) .  

Since t h i s  data does not  e x i s t  a t  t h i s  t ime, a "quasi-30" co rne r  f l o w  p r o f i l e  

has been assumed f o r  code development purposes. This "quasi-3D" p r o f i l e  was 

cons t ruc ted  by s tack ing  2-D b.1. p r o f i l e s  i n  the  l o n g i t u d i n a l  and h o r i z o n t a l  

planes. The th i ckness  o f  t h e  boundary l a y e r  on each of t h e  t h r e e  w a l l s  ( t h e  

f o u r t h  s i d e  i s  t r e a t e d  as a r e f l e c t i o n  p lane of symmetry) i s  assumed t o  be 7% 

of t h e  nozz le t h r o a t  he ight .  F igure 1 shows a cross f low p lane  of d e n s i t y  

contours on t h e  i n i t i a l  p r o f i l e  ( x  = 0) plane. 

A t  t h e  present  t ime, t h e  work completed i s  as f o l l o w s :  

(1) Code has been modi f ied t o  so lve f o r  4 chemical species:  
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(2) The f l o w  upstream o f  t h e  upper cowl surface, up t o  and i n c l u d i n g  t h e  

cowl t i p ,  has been computed f o r  a " t h e o r e t i c a l  a i r "  m i x t u r e  (79% N2, 

21% 02) a t  M a0 = 6. 

( 3 )  A "quasi  3D" corner  f l o w  p r o f i l e  has been developed t o  be used as an 

i n i t i a l  p lane  s o l u t i o n  f o r  t h e  i n n e r  nozzle region. 

( 4 )  The f l o w  i n s i d e  t h e  nozzle, up t o  and i n c l u d i n g  t h e  cowl t i p ,  has 

been computed f o r  both t h e  N2/02 m ix tu re  and t h e  F(12)/Ar m i x t u r e  a t  

Mthroat = 1.665. F igures 2 and 3 show densi ty .  and pressure contours 

f o r  t h e  i n n e r  nozz le reg ion (constant z-plane a t  t h e  r e f l e c t i o n  

boundary) . 
Work i s  i n  prograss t o  o b t a i n  t h e  s o l u t i o n  i n  the  m ix ing  reg ion  ( r e g i o n  

downstream of t h e  cowl t i p )  by us ing  t h e  s o l u t i o n s  f rom t h e  i n t e r n a l  and 

e x t e r n a l  regions upstream o f  t h e  cowl t i p  as i n i t i a l  i n f l o w  c o n d i t i o n s  (F ig .  4 ) .  

EFFORTS FOR FULL NAVIER-STOKES SOLUTIONS 

This  3-0 Navier-Stokes equations s o l v e r  has the  species c o n t i n u i t y  

equat ions t o  account f o r  t h e  d i f f u s i o n  o f  m u l t i p l e  gases. Also, i t  has t h e  

a b i l i t y  t o  use h i g h  o rde r  numerical  i n t e g r a t i o n  schemes such as the 4 t h  o rde r  

NacCormack, and t h e  Gottlieb-MacCormack schemes. Thi.s 3-D e x p l i c i t  a f t e r b o d y  

code i s  r e f e r r e d  t o  as EMAB3 f o r  b r e v i t y  i n  t h i s  repor t .  

The s t a t u s  o f  t h i s  work may be i temized as f o l l o w s :  

1. EMAB3 Code has been modi f ied,  so t h a t  t h i s  code i s  now capable o f  

computing i n t e r n a l / e x t e r n a l  f lows. 

2. It a l s o  a l l ows  t h e  ex i s tence  o f  a w a l l  i n s i d e  o f  compbtation zone. 
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3. The Navier-Stokes s o l v e r  has been mod i f i ed  t o  implement new boundary 

cond i t i ons  on cowl wal ls .  

4. The Navier-Stokes s o l v e r  has been modif ied t o  " r e l a x "  computations around 

t h e  cowl reg ion,  e s p e c i a l l y  near t h e  cowl t i p ,  t o  increase t h e  s t a b i l i t y  

o f  t h e  computations t o  get  pas t  the i n i t i a l  numerical t r a n s i e n t s .  

5. Fu r the r  m o d i f i c a t i o n s  a re  performed, 

a )  t o  apply a p p r o p r i a t e  boundary cond i t i ons  f o r  t h r e e  s o l i d  w a l l s  and 

s i n g l e  f r e e  stream boundary 

b )  t o  apply  tu rbu lence  modeling i n  t h e  appropr ia te f low regions c o n s i s t e n t  

w i t h  t h e  s o l i d  surfaces. 

6. The thermodynamic and t r a n s p o r t  p r o p e r t i e s  o f  Freon-12, Argon, Oxygen, and 

Ni t rogen have been entered i n  the  code. 

7. The cu r ren t  g r i d  (Fig.  ) has been generated by an a lgeb ra i c  method 

combined w i t h  a 1-D s t r e t c h i n g  a l g o r i t h m  designed t o  y i e l d  smooth c e l l  

d i s t r i b u t i o n s  through a l l  segments o f  t he  g r i d  boundaries. 

8. I n  f l o w  p r o f i l e s  o f  t h e  p r i m i t i v e  va r iab les  were generated f o r  both t h e  

i n t e r n a l  nozz le  and e x t e r n a l  f lows us ing the  approp r ia te  gaseous 

p r o p e r t i e s ,  t h e  upstream cond i t i ons  and the  PMAB3 code. The i n i t i a l  

cond i t i ons  o f  v a r i a b l e s  downstream o f  t h e  i n f l o w  boundary were s e t  t h e  

same as t h e  i n f l o w  p r o f i l e s  o f  t h e  p r i m i t i v e  var iab les.  

9. The turbulence model (Baldwin-Lomax) i n  t h e  Navier-Stokes s o l v e r  has been 

m o d i f i e d  t o  account f o r  t u r b u l e n t  eddies generated by cowl w a l l s  i n s i d e  

and e x t e r n a l  t o  the  nozzle. Also, a r e l a x a t i o n  formula was adopted t o  

account f o r  t h e  tu rbu lence  i n  t h e  m ix ing  shear layer .  
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10. The Navier-Stokes solver has been modified such that the differences 

around the cowl are one-sided (Fig. 6). 
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